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X-ray picture of the hand 
of Geheimrat von Kolliker
at Würzburg, taken on  

23.01.1896 by
W.C. Röntgen

W.C. Röntgen received the
1st Nobel Prize for Physics

in 1901.
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Secondary Erythema of a Nail 
ca. 15 Gy, 4 weeks after irradiation during 

changing a sample of a X-ray-scattering device
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Radiation Damage by X-Rays ca. 100 Gy
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First cancer therapy with X-rays
in the year 1899

Thor Stenbeck treated a carcinoma
of the nose of a 49-years old
women. 100 irradiations in the
course of 9 months. The patient
survived with good health 30 years. 

Tage Sjörgen cured a carcinoma by
50 irradiations during 30 months. 
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X-ray carcinoma

1896 X-ray lesions of the skin
1902  Skin carcinoma as a consequence of X-ray

dermatitis
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Discovery of Radioactivity
in 1896 by Henry Becquerel 
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The Curies
in the Lab

Discovery of the radioactive
elements Thorium, Polonium, 
Radium,

and of a new chemistry: 
radiochemistry
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Pierre Curie‘s experiment on himself
After reports by Walkhoff and Giesel (1900) on physio-
logical effects of radium, P. Curie made an experiment on 
himself by irradiating his arm with radium rays. On July 
3rd, 1901, he reports to the Academie Francaise: 
„The skin has reddened on a surface of 6 cm2; it looks 
like a burn, but the skin does not or just weekly cause 
pain. After some days the erythema  became stronger 
without increasing its size: at the 20th day it became 
first a crust and afterwards a wound which was treated 
with dressings; at the 22th day the skin started to 
heal from the sides to the center and 52 days after 
the irradiation only a wound with an area of 1 cm2

remained which had a grayish color indicating a deeper 
wound …“
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First Cancer Treatment with Radium in the Year
1907 by Louis Wickham and Paul Desgrais
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St. Joachimsthal/Jachimov

The first radium-sanatory in the year 1906
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St. Joachimsthal ca. 1920, left Radium Palace, 
right factory for uranium colors and radium

The first radium-
sanatory in the

year 1906
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Production of a 
radium preparation

by sealing of RaCl2 in a glass 
ampoule in the year 1912

Archiv Horák
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Radium bread and 
Radium beer

Advertisements in local 
newspapers from Joachimsthal
from the years 1924 und 1930
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Radium for men
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The Radium-Dial Painters …
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Radium-Dial Painters
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Radium-Dial Painters

The chronic intake of 
radium, which is a bone 

seeker, caused increased 
rates of bone cancer during 

the years to follow.
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First Treatment of a Cervix Carcinoma with Radium 
in the Year 1903 by Margaret Cleaves
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Monument from the year 1936 at St. Georgs Hospital at 
Hamburg/Germany exhibiting the names 159 doctors, 

scientists and others which lost their lives because of their 
work with X-rays and radium. 
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Radiation-Induced 
Cancer as a 

Consequence of 
Application of a 
Radium Cushion
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The Radiation
Exposure of Man
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Man in the Cosmic
and Terrestrial 
Radiation Fields 

air

man

nutrients

cosmic radiation

Natural Radiation Exposure:

cosmic radiation
terrestrial radiation
incorporated radionuclides
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exposure to cosmic radiation
exposure to terrestrial radiation
exposure to radiation from incorporated

radioactive nuclides

The natural radiation exposure consists of:

Natural Radiation Exposure
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Cascade shower
over Piz Bernina

N   atomic nuclei
μ muons
ν neutrinos
π pions
γ gammas
e    electrons
p    protons
n    neutrons

Atomic nuclei and 
pions cannot reach the

deeper layers of the
atmosphere.
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Ambient Dose rate of the Cosmic Radiation
mean value per year in Europe
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Exkursion vom nach Zhitomir & Chernobyl
6.4. - 13.4.1997; ALNOR RAD-21 LE-μSv
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Most natural radionuclides belong to the natural
decay series:

Uran/Radium-series U-238 (T =  4,5 .109 Jahre)
Uran/Actinium-series U-235 (T =  7.108 Jahre)
Thorium-series Th-232 (T = 1,4 .1010 Jahre)

Age of the solar system: 4,55 .109 Jahre 
T half-life

Terrestrial Radiation
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Nuclide half-life in years

K-40                                 1,3 .109 

Rb-87                               4,8 .1010

Sm-148                            7,0 .1015

Pt-190                              6,1 .1011

Pb-204                             1,4 .1017

Some Primordial Radionuclides
which are not Members of a Decay Series
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persons stay dose rate 
in nGy/h

 dose per 
year  in 
μGy

adult 10 
years

5 
years

1 year

at open air 54 473 341 378 402 426

in houses 70 613 442 491 521 552

80% in houses, 
20% open air  585 420 470 500 530

ambient dose annual effective dose in mSv

Terrestrial Radiation Exposure in Germany
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Internal Radiation Exposure
due to Ingestion of Natural

Radionuclides
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radionuclide activity in Bq

K-40 4400
C-14 4000
Rb-87 300
H-3 20

Pb-210 14
Po-210 12
U-238 1,1

Ra-226 1,7
others 1

Mean Content of Natural Radionuclides in Man
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Radon

Origin of 
Rn-222 and 
its progeny

in air
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Radon 
in soil air

BfS (2005)

> 501 kBq/m3

> 301
151 – 300
101 – 150
81 – 100
41 – 80
21 – 40
< 20 kBq/m3
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Mean Radiation Exposure per Year
due to the Entire Natural Radiation

Organdosis in mSv

Strahlungskomponente Gonaden Knochen Lunge

kosmische Strahlung 0.3 0.4 0.4

terrestrische Strahlung 0.6 0.6 0.6

innere Strahlung 0.2 1 10.2

Summe 1.1 2 11.2Sum

gonads bones lungs

organ dose in mSv       

radiation component

cosmic radiation
terrestrial radiation
internal radiation



R. Michel, ZSR, Leibniz Universität Hannover

Mean Annual Effective Dose due to Ionizing 
Radiation in Germany in the Year 2000

BMU, Bundestagsdrucksache 14/6905, 10.09.2001

nuclear 
installations
< 0,01 mSv

fallout from
nuclear 

explosions
< 0,01 mSv

Chernobyl
< 0,015 mSv

research, 
techniques,
household
< 0,01 mSv

medicine
2,0 mSv

natural 
radiation 
exposure
2,1 mSv

cosmic radiation
0,3 mSv

terrestrial 
radiation
0,4 mSv

ingestion
0,3 mSv

inhalation
1,1 mSv

man-
made 

radiation 
exposure
2,0 mSv
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Probability distribution of the annual
effective dose in Lower Saxony (Germany)

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0,5 1,3 2,1 2,9 3,7

effektive Jahresdosis in mSv

Fr
eq

ue
nc

y

Vahlbruch (2004)

Expectation value 2,0 mSv a-1

95% confidence interval 1,1 – 4,1 mSv a-1
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Statistische Kenngrößen der gesamten altersgemittelten 
natürlichen effektiven Jahresdosis in mSv 

in Deutschland und ausgewählten Bundesländern

6,31,22,6Aue/ Saxony

6,21,22,8
Rhineland-
Palatine

6,31,22,6Saxony

4,71,22,2Lower Saxony

4,61,22,2Germany 

97,5% percentile
2,5% 

percentileexpectation

--2,1Germany [2]

101,02,4World [1] 

typical rangemean

[1] UNSCEAR (2000)
[2] BfS (2005)
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Distribution of annual doses
from natural sources in 15 countries.

UNSCEAR (2000)

95th percentile 4 mSv a-1
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Distribution of the natural radiation
exposure in Finland
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Populations with more than 10 mSv a-1

natural radiation exposure
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Frequency Distribution of Person Doses
of Radiation Workers in the Year 2004

BMU, Bundestagsdrucksache 16/200, 09.12.2005

Dose in mSv per year
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Development of annual collective roses of radiation workers
(since 1990 including the former GDR)

BMU, Bundestagsdrucksache 14/6905, 10.09.2001
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Radiation exposure due to medical diagnostics
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I-131 Therapy of Thyroid Cancer

4 therapies,
each with 6 GBq I-131

Scintigraphies after the 
1., 2. and 4. therapy for a 
child from  Belorussia for 

which a cancer was 
diagnosed at age 13.

A consequence of the 
Chernobyl accident. 

02/95          12/95          07/96

Chr. Reiners, Würzburg, 2002
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Radiation Exposure in Therapy
Example: Radio-Iodine Therapy of Benign Diseases

Morbus Basedow
target dose of the thyroid gland: 200 Gy – 300 Gy

Example: Thyroid Cancer

therapies with 6 GBq I-131 each 

DFthyroid, adult(I-131) = 4,3E-7 Sv/Bq
DFthyroid, 15 a(I-131) = 6,8E-7 Sv/Bq

⇒ adult: Dthyroid = 2580 Gy
⇒ 15 years old: Dthyroid = 4080 Gy
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Trinity

16.07.1945 05:29 Trinity Site

Biological effects
of ionizing radiation
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1  Cell membrane
2  Plasma
3  Membrane of the nucleus
4  Nucleus
5  Chromosome
6  Cell organelle

cells in the human body 1014

genes per cell ≈ 3 . 104

chromosomes (man)  46
production of cells per day
skin 0,7 . 109

stomach-intestine 56 . 109

erythrocytes 200 . 109

Scheme of a Cell

Zelle
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Sequence of Processes in Biological Radiation Effects

physical processes ionization, excitation

cell death

cell restitution cell damage

chemical processes

formation of hydroxyle and hydrogen radicals
and of other reactive chemical products (peroxides) 

indirect actiondirect action

dissociation of molecules
structural changes of macromolecules

molecular changes

zellular changes

cell defekt

biological processes

clinical manifestation



R. Michel, ZSR, Leibniz Universität Hannover

Time Scales of Biological Processes
after Irradiation

1 min - 10 h

1 d - 1 a

ca. 2 - 40 a

enzymatic repair
acute radiation
syndrome
latency period for
carcinogenesis

biochemical and 
biological stadium

10-15 - 10-6 s

< 10-13 s

life-time of free
radicals
breaking of 
chemical bonds

chemical stadium

< 10-15 s
ionisation and 
excitation
Life-time of ion
pairs

physical stadium

DurationProcessStadium
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early effects
causes:

slowing-down and increasingly blocking of cell formation
defense:

up to doses of 250 mSv immediate compensation of cell loss by 
acceleration of cell division, shortening of cycle period

late effects and hereditary effects
causes:

structural damage of DNA
defense:

repair, cell elemination (apoptosis)

A health damage becomes manifest 
only if the defense systems fail. 

Defense against Radiation Damage
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Strahlenempfindlichkeit

dose in Sievert (Sv) 
for a mortality

of 50 % within 30 days
(1 Sv = 100 rem)
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Deinococcus radiodurans

LD50 ∼
15 000 Gy

Fast and highly efficient
repair of DNA damage

within hours

4 – 10 copies of DNA 
molecules

www.microbe.org/microbes/deinococcus.asp
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progeny

germ-cellbody-cell

stochastic effects of radiation

leucemia, carcinoma
defects in off-spring

deterministic effects of radiation
early effects
late effects, not maligne

latency period

cell damage
geneticsomatic

irradiated individual

Biological Effects of Radiation
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energy dose
radiation quality

sensibility of tissue

milieu factors

modifying factors

repair- und recovery
processes

smaller effect with fraactionation and 
protraction

efficient only for low-LET radiation ,
particularly efficient in strongly proliferating tissues

The probability for defects at DNA increases
with increasing dose and ionization density

sensibilisation by chemicals (e.g. coffeine), 
other chemicals (e.g. zysteine) decrease the effect

increases with increasing DNA-content,
high for high cell proliferation rates

Dependencies of Radiation Effects
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% surviving cells

Cells of mice in vitro

a   short-term irradiation
b   fractionated irradiation
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Überlebenskurven mit Dosisraten
Dependence of Radiation
Effects on the Dose Rate

% surviving cells
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Deterministic
Effects

Threshold DoseLD50

1

0,5

P†

Biological effects, for which the severety of the damage
depends on the dose. 
Deterministic effects have a threshold dose.

(erythrema, radiation syndrome, cataracts of the eye lenses)
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Threshold Doses for Clinical Effects in Man 
after Short-Term Partial-Body Irradiation

threshold value at which about 1 - 5% of the irradiated persons show an effecrt

heart, lungs (inflammation)40

skin, 80 cm2 (scaling off)20

head-hair, 10 cm2 (permanent falling-off)10

eye (cataracts); skin, 100 cm2 (inflammation); 
head-hair (temporal falling-off)

5

testicles, ovary (permanent sterilization)3

bone marrow (atrophy); fetus (death)2

part of the body
(type of damage/main symptoms)

dose 
in Gy
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Secondary erythema 
of fingers 23 days 
after 16 – 20 Sv
X-ray irradiation
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Geschwollene Finger

Radiation accident 1944, 

9 Sv on the right hand, 

3 days after irradiation
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Acute Radiation Syndrome (ARS) 
after Whole-Body Exposure

-0very 
good-threshold-0,2

edema of the 
brain100des-

perateCNSspasms, comamin> 50

damage of 
intestine90-100very 

badintestine
diarrhea, fever, 

electrolyte 
disorders

0,5 h10-15

infections
hemorrhage

0-90un-
certain

bone 
marrow

heavy damage of 
blood counts0,5–2 h2-10

infections
hemorrhage

0-10goodbone 
marrow

decrease of 
leucocytes and 
thrombocytes

> 3 h1-2

infections
hemorrhage

0very 
good

bone 
marrow

small changes of 
blood counts> 5 h1

death due to
lethal 
risk in 

%

prog-
nosisorganmain symptomslatency 

period
dose 
in Gy
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haematopoetic syndrome

gastro-intestinal syndrome

central-nervous syndrome

Mean Time of Survival of 
Adult Mice after Whole-Body

Irradiation
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Stochastic Effects

Biological effects, for which 
not the severity of the 
disease depends on the 
dose, but the probability of 
their occurrence is a 
function of the dose without 
that a threshold might exist.

(carcinoma, leucemia, 
genetic defects)

Stochastische Schädenstochastic effects

Probability               

dose
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Dose-Risk Curves 
for the Region of Higher 

Radiation Doses and 
Extrapolation into the 

Region of Small Radiation 
Doses

A: linear extrapolation
B: linear-quadratic extrapolation
C: dose-risk curve with threshold 

Dose in mSv

relative
risk
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Spontaneous
Incidence of 
Carcinomas

Age-Specific Mortality and 
Incidence

in White US Citizens
(without melanoma)

[BEIR 1980]
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Death Probabilities
ICRP 60
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Death Rates in Sweden (ICRP 60)

1,1 · 10-4mean occupational
0,73 · 10-4mean travel to work

R† (occupational) in a-1

42,7 · 10-2100
7,1 · 10-280
1,2 · 10-260
2 · 10-340
1 · 10-320
2 · 10-415

R† (natural) in a-1age
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Occupational Death Risks

2,4 · 10-4traffic, air traffic
cars 25 min/d, planes 1 h/week

2,3 · 10-4free time, household
1,2 · 10-3mining
7,4 · 10-4buidling and construction
6,5 · 10-4agriculture
3,8 · 10-4transport

1,3 · 10-4administration
= mean in Germany

1,2 · 10-4services
0,93 · 10-4fabricatioon
0,72 · 10-4trade
R† in a-1occupation
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ICRP Todesrisiken Bereiche

ICRP 60
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Hiroshima und Bombe

• 6th August 1945
• U-235 as fissile material
• Beryllium-Polonium-ignition
• 20 kT TNT-equivalent

Hiroshima
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Hisroshima map

Hiroshima
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Hiroshima

Hiroshima
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 Hiroshima Nagasaki 

population 360 000 250 000 

death 140 000 70 000 

injuries 80 000 80 000 
 

 

Acute Health Effects of A-Bombs
Estimates of Early Deaths and Injuries

(August - December 1945)



R. Michel, ZSR, Leibniz Universität Hannover

Stochastic late effects of the atomic
explosions in Hiroshima and Nagasaki

Life Span Study
(LLS-DS86)   120 321 persons

davon 26 517 „not in city“
2 383 no dose

193 unknown destiny

86.611 survivors with dose estimates (DS02)

surviving (1950 – 2000) 45 %
deaths (1950 – 2000) 55 %

Preston et al., Radiation Research 162 (2004) 377 -389
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Hiroshima: 
colon doses

acc. to dosi-
metry DS86

W. Rühm, Physik Journal 2/12 (2003) 37
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Public Opinion
250 000 late effects in Hiroshima 

due to radioactive radiation.

German Radio NDR 3 
on the 50. Anniversary of the Atomic Bombing

Epidemology
1950 – 2000  additional cases of leukemia:     93

additional solid cancers:           479 
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Stochastic late effects of the atomic
explosions in Hiroshima and Nagasaki
1950 – 2000:
Total number of deaths: 47.685

296 leukemia
among them 93 due to radiation

10.127 solid cancers (without leukemia)
among them                479 due to radiation

sum 10.423 solid cancers plus leukemia
among them                572 due to radiation

i.e. 21,9 % of all death due to cancer
5,5 % of all cancer death due to radiation
1,2 % of all death due to radiation

Preston et al., Radiation Research 162 (2004) 377 -389
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RERF Leukemia vs dose

S. Nagataki, RERF, 10th Congress of IRPA, Hiroshima, 2000
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RERF Solid Cancer vs dose

S. Nagataki, RERF, 10th Congress of IRPA, Hiroshima, 2000
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LSS Solid Cancer Dose Response 

No evidence of departure from linearity over the 0 - 4 
Sv range; risk 5 % Sv-1.
Significant trend over the 0 - 0,2 Sv range.
Estimated threshold is essentially 0.
Upper 95 % confidence limit for the threshold is less 
than 0,1 Sv

No significant trend over the 0 - 0,05 Sv range. 
There is, however, no significant difference from the 
linear trend over the full dose range.
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Dependency on age of leukemia incidence and 
mortality due to other cancers among the survivors 

of Hiroshima and Nagasaki

Kellerer et al. (2006)
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Thryroid Cancer in Children under 15 Years
Old (UNSCEAR, 2000)
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Annual and total numbers of thyroid cancer surgeries
between 1986 and 2002 for those, aged 0 to 18 years old

at the time of the accident (Jacob et al. 2005).
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Mean thyroid doses of 
children and adolescents
due tot he Chernobyl 
accident and incidence
rates of thyroid cancer
between 1986 and 2001.

The red lines represent
a relative risk of 10 Gy-

1 for two assumed
spontaneous incidence

rates.In
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Thyroid doses in Gy

Incidence of thyroid cancer 1986 – 2001

Birth cohort 1968 - 1985
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ICRP Cancer Risk 5 mSv/a lifetime

ICRP 60

Exposure
5 mSv/a

over a lifetime
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ICRP Cancer Risk 50 mSv/a occupational

ICRP 60

Occupational
Exposure
50 mSv/a

from age 18 to 65
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ICRP additional risk I

ICRP 60
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ICRP additional risk Ia

ICRP 60
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Nominal Probability Coefficients of 
Stochastic Radiation Effects

Risk according to end point in 10-2 Sv-1exposed population

7,31,31,05,0total Population,
al age groups

5,60,80,84,0adult „occupationally 
exposed population“

total
severe 

hereditary 
effects

cancer 
non-fatal

cancer 
fatal

ICRP 60 (1991)
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Radiation-Induced Mutations
GENE-MUTATION (point mutation –

chemical changes on DNA)

CHROMOSOME-MUTATION (structural aberration)
Deletion (loss of a chromosome section)
Duplication (doubling of sections)
Inversion (tilt of a section by 180o)
Translocation (translocation of a section on a non-

homologous chromosome)

ANEUPLOIDS (numerical aberrations)
Monosomy (chromosome loss) 
Trisomy (chromosome gain)
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Natural Frequency of Genetic Defects

25 % of all premature aborts are induced by
chromosome anomalies.

4 % of all pregnancies have an unfavorable
abort due to chromosome anomalies. 

2-3 % of life-born children have defects have
defects induced by dominat mutations
and chromosome anomalies.

ICRP 60  from animal experiments:
Risik of severe hereditary effects 1,3 *10-2 Sv-1
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The 15-Country Collaborative Study of Cancer Risk
among Radiation Workers in the Nuclear Industry: 

Estimates of Radiation-Related Cancer Risks
A 15-Country collaborative cohort study was conducted to provide 
direct estimates of cancer risk following protracted low doses of 
ionizing radiation. Analyses included 407,391 nuclear industry 
workers monitored individually for external radiation and 5.2 million 
person-years of follow-up. 

A significant association was seen between radiation dose and all-
cause mortality:

excess relative risk per Sv (ERR/Sv) 0.42, 
90% CI 0.07, 0.79; 18,993 deaths.

This was mainly attributable to a dose-related increase in all cancer 
mortality 

ERR/Sv 0.97
90% CI 0.28,1.77; 5233 deaths. 

Cardis et al., Radiation Research 167 (2007) 396 - 416
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The 15-Country Collaborative Study of Cancer Risk
among Radiation Workers in the Nuclear Industry: 

Estimates of Radiation-Related Cancer Risks
Among 31 specific types of malignancies studied, a significant 
association was found for lung cancer 

ERR/Sv 1.86, 90% CI 0.49, 3.63; 1457 deaths 

and a borderline significant (P < 0.06) association for multiple myeloma 

ERR/Sv 6.15, 90% CI < 0, 20.6; 83 deaths 

and ill-defined and secondary cancers 

ERR/Sv 1.96, 90% CI < 0.26, 5.90; 328 deaths.

Stratification on duration of employment had a large effect on the 
ERR/Sv, reflecting a strong healthy worker survivor effect in these 
cohorts. This is the largest analytical epidemiological study of the 
effects of low-dose protracted  exposures to ionizing radiation to date. 
Further studies will be important to better assess the role of tobacco 
and other occupational exposures in our risk estimates.

Cardis et al., Radiation Research 167 (2007) 396 - 416
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Nuclear Workers

Cardis et al., Radiation Research 167 (2007) 396 - 416
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Radon in Homes and Lung Cancer
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Relative Lung Cancer Risk due to Radon in Houses

Wichmann et al. (1997)
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Radon in Homes and Risk of Lung-cancer: 
Collaborative Analysis of Individual Data
from 13 European Case-Control Studies

S. Darby et al., BMJ, doi:10.1136/bmj.38308.477650.63 Published 21.12.2004
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Radon in Homes and Risk of Lung-cancer: Collaborative Analysis of 
Individual Data from 13 European Case-Control Studies

S. Darby et al., BMJ, doi:10.1136/bmj.38308.477650.63
Published 21.12.2004

Darby et al. (2004): 13 gepoolte Europäische Radon-Studien
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Zunahme des odds ratios 0,084 (95% CI 0,03 bis 0,158) pro 100 Bq m-3
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If the risk of lung cancer increases by 
about 11 % per 100 Bq/m3 usual radon

the cumulative absolute risks of lung cancer 
by age 75 years would be

S. Darby et al., BMJ, doi:10.1136/bmj.38308.477650.63
Published 21.12.2004
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Mean Radon 
Concentrations
in Dwellings
in Germany

Brüske-Hohlfeld, Kreienbock, 
Wichmann, mensch+umwelt
spezial 18. Ausgabe 2006, 37
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Brüske-Hohlfeld, 
Kreienbock, 
Wichmann, 

mensch+umwelt
spezial 18. Ausgabe 

2006, 37

Map of collective
Radon exposure
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Avoidable Number of lung Cancer Deaths per Year 
in Germany by Limitation of the Radon Exposure 

Brüske-Hohlfeld, Kreienbock, Wichmann, 
mensch+umwelt spezial 18. Ausgabe 2006, 37

Number of avoidable lung cancer deaths       Maximum value in Bq m-3

(ambient air)
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Biological Effects of 
Ionizing Radiation
and the Radiation
Exposure of Man
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Januskopf



R. Michel, ZSR, Leibniz Universität Hannover

JanuskopfThe End


